Preterm birth (PTB, <37 completed weeks' gestation) is one of the leading obstetrical problems in the United States, affecting approximately one of every nine births. Even more concerning are the persistent racial disparities in PTB, with particularly high rates among African Americans. There are several recognized pathophysiologic pathways to PTB, including infection and/or exaggerated systemic or local inflammation. Intrauterine infection is a causal factor linked to PTB thought to result most commonly from inflammatory processes triggered by microbial invasion of bacteria ascending from the vaginal microbiome. Trials to treat various infections have shown limited efficacy in reducing PTB risk, suggesting that other complex mechanisms, including those associated with inflammation, may be involved in the relationship between microbes, infection, and PTB. The complement system, a key mediator of the inflammatory response, is an innate defense mechanism involved in both normal physiologic processes that occur during pregnancy implantation and processes that promote the elimination of pathogenic microbes. Recent research has demonstrated an association between this system and PTB. The purpose of this article is to present a mechanistic model of inflammation-associated PTB, which hypothesizes a relationship between the microbiome and dysregulation of the complement system. Exploring the relationships between the microbial environment and complement biomarkers may elucidate a potentially modifiable biological pathway to PTB.
Preterm birth (PTB), defined as birth at <37 completed weeks' gestation, is one of the leading obstetrical problems in the United States, affecting nearly 500,000-or 1 of every 9-infants born annually (Centers for Disease Control and Prevention, 2014) . PTB is the greatest risk factor for infant death, contributing to 35% of all infant deaths and health-care costs in excess of US $26 billion annually (March of Dimes, 2015) . Although PTB rates have declined in the general U.S. population since 2007, the overall rate remains around 12%, which exceeds the March of Dimes Prematurity Campaign 2020 PTB rate goal of 8.1% (Centers for Disease Control and Prevention, 2014; March of Dimes, 2016; J. A. Martin, Hamilton, Osterman, Curtin, & Matthews, 2015) . Additionally, a higher prevalence of PTB persists among ethnic and racial subgroups (Culhane & Goldenberg, 2011) . African American (AA) women, one of the groups at highest risk, are 1.5 times as likely to experience PTB and nearly 2 times as likely to have an early PTB (<32 weeks' gestation) compared to Caucasian women (Culhane & Goldenberg, 2011; Kramer, Hogue, Dunlop, & Menon, 2011; March of Dimes, 2014) . Authors have reported that identified risk factors associated with PTB such as maternal age, history of infection, and substance use explain less than half of the disparity in rate of PTB between AA and Caucasian women (Goldenberg, Culhane, & Iams, 2008; McGrady, Sung, Rowley, & Hogue, 1992) . Identification of novel biobehavioral pathways to PTB may ultimately lead to the development of interventions to reduce the risk of PTB, particularly among groups with the greatest risk.
Although many mammalian species exhibit slight variations in gestational length, PTB appears to be primarily a human phenomenon (Phillips, Abbot, & Rokas, 2015) . Identification of the underlying biological mechanisms of PTB is difficult as the complication is syndromic in nature and includes biological (e.g., infection, hypothalamic-pituitary-adrenal [HPA] axis activation, uterine overdistention), behavioral (e.g., stress, substance abuse, anxiety), and epidemiologic (e.g., demographic, social, economic) contributing factors (Goldenberg et al., 2008; Kramer & Hogue, 2009) . Of the many biological processes implicated in the onset of PTB, intrauterine infection and/or inflammation are strongly associated with an increased risk for PTB (Goldenberg, Hauth, & Andrews, 2000; Goncalves, Chaiworapongsa, & Romero, 2002; Romero et al., 2006) . In this pathway to PTB, microbial invasion triggers inflammation, which is driven by the release of pro-inflammatory cytokines, prostaglandins, and matrix metalloproteinases (MMP) that promote cervical ripening and weakening of the amniotic membranes. This process suggests that mechanisms that alter inflammatory events at the maternal-fetal interface may be predictive of PTB (Holst, Mattsby-Baltzer, Wennerholm, Hagberg, & Jacobsson, 2005; Vogel, Thorsen, Curry, Sandager, & Uldbjerg, 2005) . Despite this relationship between infection and PTB, randomized controlled trials directly targeting known contributors of intrauterine infection-including the elimination of bacterial vaginosis (BV), sexually transmitted infections, and periodontal disease during pregnancy-have shown limited efficacy in reducing the risk of PTB (Lynch, Wagner, Deterding, et al., 2016; . These findings suggest that there may be other more complex mechanisms involved in the infectionassociated pathway to PTB.
The inflammatory response to infection is mediated by the activities of several immune-cell populations, including a group of blood proteins known as complement. The complement system is an innate immune mechanism composed of more than 30 blood proteins that initiate a series of enzymatic reactions that drive the initiation of the inflammatory response that ultimately results in elimination of a pathogen (Markiewski & Lambris, 2007; Sjoberg, Trouw, & Blom, 2009; Walport, 2001) . Complement dysregulation, defined as excess activation or poor regulation, may promote an exaggerated inflammatory response and damage to self-tissues in the process (Girardi, Bulla, Salmon, & Tedesco, 2006) . The complement pathway has recently been associated with cervical remodeling, preterm premature rupture of membranes (PPROM), and PTB (Gonzalez, Franzke, Yang, Romero, & Girardi, 2011; Lynch et al., 2011) , suggesting that complement dysregulation in the intrauterine tissues and maternal vasculature may be predictive of PTB.
Although not previously linked together in the literature in regard to PTB, complement and the microbiome are linked in oral (Astafurov et al., 2014; Boackle, 1991; Hajishengallis & Lambris, 2012; Hajishengallis et al., 2011; Hajishengallis, Maekawa, Abe, Hajishengallis, & Lambris, 2015) , gut (Lu, Knutson, Wishnok, Fox, & Tannenbaum, 2012; Yoshiya et al., 2011) , skin (Chehoud et al., 2013) , and nasopharynx (Domenech, Ramos-Sevillano, Garcia, Moscoso, & Yuste, 2013) health. Given the ability of the microbiome to influence the expression of complement in other situations and the suspected associations of vaginal and even oral microbial dysbiosis as a risk for PTB, in the present article, we summarize the current knowledge regarding the role of infection and inflammation in the context of PTB with a specific focus on the role of the microbiome and the complement system. We conclude with a presentation of a mechanistic model for inflammation-associated PTB, which hypothesizes a relationship between the microbiome and dysregulation of the complement system. Identification of biological pathways of inflammation, particularly in high-risk groups, may identify potential targets for intervention to eliminate this stubbornly persistent adverse pregnancy outcome and health disparity.
Mechanisms of PTB: Infection and Inflammation
The study of PTB has involved the investigation of a variety of anatomical, endocrinological, immunological, and clinical events that affect both the mother and fetus. While many organ systems are involved in the labor process, only changes within the intrauterine environment are directly involved in the labor and birth process. The accepted framework is that preterm parturition results from the physiologic activation of pathways that result in increased uterine contractility, cervical ripening, amniotic membrane weakening, and decidual activation (Romero et al., 2006; Romero, Gotsch, Pineles, & Kusanovic, 2007) . The mechanisms involved in initiating the process remain unclear, but one of the major focal areas of obstetrical research is the study of pathogenic processes highly associated with PTB, including infection and inflammation.
Infection and PTB
Evidence suggesting a relationship between infection and preterm parturition is readily available: (1) Extrauterine infections such as pyelonephritis (Kaul et al., 1999; Wren, 1969) , pneumonia (Madinger, Greenspoon, & Ellrodt, 1989; Munn, Groome, Atterbury, Baker, & Hoff, 1999) , and periodontal disease (Goepfert et al., 2004; Jeffcoat, Geurs, Reddy, Goldenberg, & Hauth, 2001; Offenbacher, 2004) are associated with PTB; (2) several PTB studies have identified pathogenic microbes from the chorioamnion and amniotic fluid of women with PTB (DiGiulio, 2012; Marconi, de Andrade Ramos, Peracoli, Donders, & da Silva, 2011) ; (3) subclinical intrauterine infection is associated with PTB (Gomez et al., 1995); and (4) animal studies show that intrauterine infection or systemic microbes stimulate preterm labor (PTL) and birth (Gonzalez et al., 2011; Romero et al., 1988) . In fact, intrauterine infection caused by the invasion of bacteria into the uterine cavity is the leading cause of infection-associated PTB (Goldenberg et al., 2008; Romero et al., 2006; Vogel et al., 2005) . The pathway to microbial invasion of the amniotic cavity (MIAC) is thought to result primarily from ascending microbes from the vagina and cervix; however, authors have proposed other pathways including transplacental infection, retrograde exposure from the peritoneal cavity through the fallopian tube, or introduction during invasive procedures such as amniocentesis (Romero et al., 2001 ). Recent evidence supports hematogenous transfer of oral microbes to the placenta as well (Aagaard et al., 2014) .
Intrauterine infection accounts for 25-40% of PTBs (Goldenberg et al., 2000; Goncalves et al., 2002) . The isolation of microorganisms from the amniotic cavity is considered an abnormal finding as the uterus is traditionally thought to be sterile. However, research has demonstrated MIAC in women with PTL (regular uterine contractions with cervical change at <37 weeks' gestation), PTB (delivery at <37 weeks' gestation), and PPROM (rupture of membranes at <37 weeks' gestation). Studies investigating the relationship between MIAC and PTL in women with and without intact membranes suggest that there are differences in the prevalence of MIAC based on the patient clinical presentation, with greater microbial invasion being associated with actual preterm delivery and PPROM. The mean rate of positive amniotic fluid cultures in women with PTL and intact membranes is 12.8%, whereas that rate in women with PTL and delivery with intact membranes it is 22% and in women with PPROM is 32.4% (Goncalves et al., 2002) . MIAC may occur in 51% of women who present with cervical shortening ; a shortened cervix, as diagnosed by sonography (cervical length <25 mm), is a significant predictor of preterm delivery (Iams et al., 1996; Moroz & Simhan, 2014) . Common microorganisms isolated from women with intrauterine infection and PTB include Mycoplasma, Streptococcus, Ureaplasma, Bacteroides, and Prevotella species (Hill, 1998) . These findings suggest that microbial invasion and inflammation in the maternal reproductive tissues may be predictive of PTB.
Inflammation and PTB
Review of the inflammatory response to infection. The immune system protects the body from infection and invasion by microorganisms via a highly complex and organized system of various cell-based populations that interact via various effector mechanisms to eliminate pathogens (Mogensen, 2009 ). Macrophages are one of the first effector cells to be activated in the innate immune response, as they are resident in the soft tissues. Macrophages and other cellular populations use a variety of pattern-recognition receptors such as complement receptors (e.g., CR1, CR3, CR4), mannose, and toll-like receptors (TLR) to recognize molecular structures found on the surface of pathogens (Hargreaves & Medzhitov, 2005; Mogensen, 2009; Taylor et al., 2005) . Upon exposure of these various cellular populations to bacterial antigens, a signal transduction cascade is triggered, resulting in the activation of NF-kappaB (NF-kb) and other transcription factors that regulate the genes involved in the production of inflammatory cytokines. These cytokines then attract other cellular populations to the site of infection (Lawrence, 2009) . There are many different types of cytokines, but interleukin 1 beta (IL-1b), IL-6, IL-8, and IL-12, in particular, are heavily involved in the recruitment of different cellular populations during the early stages of infection (Janeway & Medzhitov, 2002) . The cytokine tumor necrosis factor-alpha (TNF-a), in turn, drives the vasodilation of blood vessels and is heavily involved in endothelial leukocyte cellular activity (Bradley, 2008) , which allows for the movement of fluid, plasma proteins, and white blood cells into the tissue, resulting in inflammation.
Role of exaggerated inflammation in PTB. There is strong evidence supporting the role of various inflammatory mediators in the etiology of PTB (Gibbs, Romero, Hillier, Eschenbach, & Sweet, 1992; Gomez et al., 1995; Keelan et al., 2003) . Researchers have posited that the release of various inflammatory cytokines, such as IL-8, IL-1b, and TNF-a, along with microbial endotoxins stimulates the production of other inflammatory mediators including prostaglandins and MMPs (Goldenberg et al., 2000; Keelan et al., 2003; Romero et al., 2007) . IL-1b, in fact, was one of the first cytokines implicated in the onset of spontaneous PTL , and the human decidua produces IL-1b in response to exposure to bacteria (Romero, Wu, et al., 1989) . IL-1b concentrations are increased in the amniotic fluid of women with PTL and infection, and it is thought to stimulate the production of prostaglandins and initiate intrauterine contractions (Marconi et al., 2011; Nadeau-Vallee et al., 2016) . Similarly, TNF-a can stimulate prostaglandin production in the intrauterine tissues and also in response to bacterial components. Researchers have found elevated TNF-a concentrations in women with PPROM and intrauterine infection and have identified increased TNF-a as a mechanism for bacteria-induced PTB (Hillier et al., 1993; Romero et al., 2007) . Other cytokines, including IL-6, IL-10, and IL-18, have also been implicated in the biologic pathway to PTB. Authors have suggested that early and prolonged activation of these inflammatory processes break down collagen, stimulate uterine contractions, facilitate cervical ripening, and promote decidual activation, resulting in incompetent cervix and weakening of the amniotic membrane (Goldenberg et al., 2000; Romero et al., 2007) , both key risk factors in the development of PTB (Holst et al., 2005; Romero et al., 2007) .
The Microbiome as a Mechanism for PTB
The study of the human microbiome refers to the evaluation of the composition and metabolic potential of the ecologic community of microbes residing within the human body (Peterson et al., 2009) . Newer culture-independent DNA sequencing strategies using polymerase chain reaction (PCR) methods have made evaluation of a variety of microbes found in different body sites possible, which, in turn, has allowed for the identification of a significantly greater number and diversity of intrauterine microbes not typically found with culturedependent methods (Shendure & Ji, 2008) . PCR analysis of amniotic fluid of women with PTB indicates a 30-50% higher prevalence of intrauterine infection and identifies a 1.5-3.5 times greater number of bacterial taxa as compared to studies using culture-based methods (DiGiulio, 2012; Han, Shen, Chung, Buhimschi, & Buhimschi, 2009; Marconi et al., 2011) . Specifically, 16S ribosomal RNA (rRNA) gene-based sequencing is used to characterize and compare bacterial communities, thereby allowing for a more detailed evaluation of the microbiota present (Eckburg et al., 2005; Lane et al., 1985) . Using these newer methods to explore routes associated with intrauterine infection, such as the bacterial flora of the vagina, may be beneficial, particularly in women at risk for PTB, and may reveal a pathway to PTB in women who present without overt signs of clinical infection.
Although there are many proposed routes to intrauterine infection including hematogenous spread of microbes from the oral (Han et al., 2006; Solt, 2015) , gut (Cani, Osto, Geurts, & Everard, 2012) , and respiratory (Sandu, Folescu, Pop, & Motoc, 2013) communities, the primary pathway to intrauterine infection is thought to involve the ascension of pathogenic microbes from the vagina and cervix into the uterus (Bastek, Gomez, & Elovitz, 2011; Romero et al., 2001) . The microbes present in the vagina form a complex ecosystem, collectively known as the vaginal microbiome, which plays a role in both normal physiologic function and infection. Protective bacterial species, such as those in the Lactobacillus genus (e.g., L. crispatus, L. iners, L. jensenii, L. gasseri), produce lactic acid and other bacteriostatic compounds that prevent the overgrowth of other, more pathogenic microbiota (Boskey, Cone, Whaley, & Moench, 2001; Kaewsrichan, Peeyananjarassri, & Kongprasertkit, 2006) . When the vaginal equilibrium of lactobacilli are disturbed, either via replacement or due to the overgrowth of select anaerobes, vaginal infections such as BV are more likely to occur (Hummelen et al., 2010; McMillan et al., 2015) .
The microbes that colonize epithelial surfaces of the vagina communicate with a wide variety of pattern-recognition receptors in the uterus, cervix, and amniotic membranes (Bastek et al., 2011; Takeuchi & Akira, 2010) directly or through the release of products such as lipids, carbohydrates, proteins, or nucleic acids (Chu & Mazmanian, 2013) . This communication facilitates the activation of various pro-and anti-inflammatory mechanisms to prevent the elimination of commensal bacteria and stimulate an aggressive inflammatory response to eliminate pathogenic bacteria, thereby maintaining a healthy vaginal microenvironment. A healthy vaginal microbiome plays a role in the prevention of several reproductive tract infections associated with PTB including BV, sexually transmitted infections, and urinary tract infections (Donders et al., 2000; Gupta et al., 1998; H. L. Martin et al., 1999; Wiesenfeld, Hillier, Krohn, Landers, & Sweet, 2003) .
The vaginal tract is home to more than 50 nonpathogenic species of commensal flora (Cribby, Taylor, & Reid, 2008; Oakley, Fiedler, Marrazzo, & Fredricks, 2008) . These flora vary widely among women due to host and environmental factors (Costello et al., 2009; Ravel et al., 2011) . A recent study of the vaginal microbiomes of 396 asymptomatic nonpregnant women from various ethnic groups identified five clusters of microbial flora, four of which were dominated by lactobacillus species; these clusters varied significantly based on ethnicity (Ravel et al., 2011) . Another study found that AA women were more likely than Caucasian women to have vaginal microbiota that were not dominated by lactobacilli (Zhou et al., 2007) . Pathogenic vaginal microbes known to be highly associated with PTB, such as Gardnerella vaginalis, Bacteroides, Mobiluncus, and Prevotella, disturb protective microbial species (e.g., Lactobacillus) resulting in vaginal infections such as BV, the most common vaginal infection affecting women aged 15-44 years in the United States (Centers for Disease Control and Prevention, 2016; Culhane & Goldenberg, 2011; Denney & Culhane, 2009 ). The differences in the vaginal microenvironment among women of various ethnicities are likely due to differences in host and environmental factors such as diet or cultural practices. These findings suggest that these differences in the vaginal microenvironment may have implications for infection/inflammation-associated pregnancy outcomes, such as PTB.
Recent studies of the vaginal microbiome in pregnancy suggest that there is a reduction in taxonomic diversity of microorganisms present as pregnancy progresses (Aagaard et al., 2012) . However, the factors that influence the structure and dynamics of the vaginal microbiome in pregnancy are relatively unknown. A study of 27 pregnant women found an association between oral intake of probiotics and changes in the vaginal microbiome that favored a decrease in proinflammatory vaginal cytokines (Vitali et al., 2012) . A recent case control study of 49 pregnant women found that the bacterial taxonomic composition of the vaginal microenvironment remained stable throughout pregnancy and that prevalence of Lactobacillus-deficient vaginal communities was inversely associated with the gestational age of delivery. Additionally, the risk for PTB was higher in women with a greater prevalence of Lactobacillus-deficient communities combined with elevated levels of Gardnerella and Ureaplasma species (DiGiulio et al., 2015) .
The Complement System as a Mechanism for PTB Overview of the Complement System
The complement pathway is a component of the innate immune response and is so named for its primary function, which is to "complement" the activities of antibodies in the destruction of pathogens. The pathway is composed of more than 30 soluble and membrane-bound proteins that initiate a series of enzymatic reactions that facilitate the destruction of pathogens, eliminate immune complexes, and facilitate removal of cellular debris following tissue injury (Markiewski & Lambris, 2007; Sjoberg et al., 2009; Walport, 2001) . Complement drives the initiation of inflammation and promotes opsonization and macrophage activation. The complement system functions at a low-level steady state until its activities are amplified via activation of various pathways.
The complement activation pathway actually involves three pathways, as Lynch and colleagues (2011) described: the classical, lectin, and alternative pathways. The classical pathway is triggered by the presence of bound antigen-antibody complexes; the alternative pathway is continuously activated due to the presence of foreign invaders as well as the presence of damaged self-tissues; and the lectin pathway is activated via the binding of mannose-binding lectin to carbohydrate or glycoprotein groups present on the surface of microorganisms (Denny, Woodruff, Taylor, & Callaway, 2013; Lynch et al., 2011; Regal, Gilbert, & Burwick, 2015) .
Regardless of the particular initiating component, all three pathways lead to enzymatic cleavage of complement component C3 by a pathway-specific C3 convertase (enzyme) into fragments C3a and C3b. C3a is a cleavage product that functions as an anaphylatoxin, which recruits and activates inflammatory cells, amplifies local inflammation, and affects vascular permeability and smooth muscle contractility (Sjoberg et al., 2009; Walport, 2001 ). C3b opsonizes pathogens and/or nonself cells for destruction by phagocytic cells and also initiates the activation of downstream complement proteins that form the membrane attack complex (C5-C9), leading to pathogen-cell lysis and death (Denny et al., 2013; Lynch et al., 2011; Markiewski & Lambris, 2007) . Factors B, D, and properdin lead to the activation of C3 via the alternative pathway; Bb, a derivative of Factor B, is an activation product that assists in the additional cleavage of component C3 (Lynch et al., 2008) . Given that complement activation products have the potential to initiate damage against self-tissues, the products are quickly removed by plasma carboxypeptides such as C3a des-Arg; factors such as C3b and C4b are quickly deactivated and cleaved into fragments by serine proteases. Ineffective clearance may result in deposits of complement products into host tissues, thereby promoting host tissue damage (Sarma & Ward, 2011) .
The Complement System in Pregnancy
The state of pregnancy is associated with increased complement activation both as a mechanism of host defense and as a necessary component in normal fetal/placental development (Baines, Millar, & Mills, 1974; Richani et al., 2005) . In both normal and complicated pregnancies, researchers have found complement products in placental tissues (Faulk, Jarret, Keane, Johnson, & Boackle, 1980; Richani et al., 2005; Weir, 1981) , and these products likely serve as a protective mechanism against potential infection for both the mother and fetus. Complement is involved in both fetal and placental development, as activated C3 is involved in phagocytic activities of the mouse trophoblastic invasion of the uterine vasculature (Albieri, Kipnis, & Bevilacqua, 1999) . Researchers have also noted the participation of complement component C1q in normal physiologic trophoblastic invasion of human uteroplacental tissues (Bulla et al., 2008) . Components of the complement system are important in embryonic and fetal development as well, as the most abundant embryotrophic factor in humans, ETF-3, contains C3, C3b, and iC3b, suggesting that C3 is important in fetal development prior to development of the placenta (Lee, Cheong, Chow, Lee, & Yeung, 2009 ).
Dysregulation of complement, which results from excess activation or poor regulation of the complement pathways, promotes a heightened inflammatory state (Lynch et al., 2011) . The uteroplacental tissues have complement regulatory proteins, such as decay-accelerating factor, membrane cofactor protein, and CD59, to prevent excessive complement activation (Holmes et al., 1990; Hsi, Hunt, & Atkinson, 1991; Liszewski, Farries, Lublin, Rooney, & Atkinson, 1996; Nishikori, Noma, Hirakawa, Amano, & Kudo, 1993) . At the same time, however, deficiencies in complement components, such as C1q, C2, and C4, predispose individuals to increased risk for infection by encapsulated bacteria (Botto et al., 2009; Regal et al., 2015) as well as collagen vascular disorders (Aggarwal et al., 2010) and abnormal placentation and pregnancy complications (Singh, Ahmed, & Girardi, 2011) . During early pregnancy, the classical, lectin, and/or alternative complement pathways may be activated in women who have one or more additional triggers, including foreign substances or damaged tissue. Excessive complement activation in response to infection or other triggers may overwhelm regulatory systems, thereby increasing the risk for perinatal complications. Investigators have found deposits of complement activation products on various reproductive tissues including the placenta, cervix, and decidual spiral arteries (Girardi et al., 2006; Gonzalez et al., 2011) .
The dysregulation of complement has been implicated in a variety of adverse pregnancy outcomes including hypertensive diseases of pregnancy (Lynch et al., 2012; Lynch et al., 2008; , antiphospholipid antibody syndrome-associated fetal loss (Breen et al., 2012) , and recurrent fetal loss and PTB (Lynch et al., 2012; Lynch et al., 2011; Lynch, Wagner, Deterding, et al., 2016) . In studies on hypertensive diseases of pregnancy, antiphospholipid syndrome, and PTB, researchers determined the occurrence of complement dysregulation via the discovery of elevated circulating plasma levels of complement activation fragments (e.g., C3a/Bb) in the presence of the select health complication. In the studies of recurrent fetal loss and miscarriage, researchers determined the occurrence of complement dysregulation via both elevated complement plasma levels and genetic deficiencies in complement regulatory genes and complement regulators (e.g., CD55) that resulted in increased complement activation (Mohlin et al., 2013) . Complement products, such as C3a and C5a, are typically cleared quickly from the system as a result of innate regulatory mechanisms, as previously described; this process is essential given the effects of these products on inflammatory responses, such as induction of chemoattraction, vasodilation, smooth muscle contraction, histamine release, and cytokine production (Sarma & Ward, 2011) . As such, the identification of elevated plasma levels of select complement activation fragments in the presence of disease likely indicates some degree of dysregulation in the system.
The Complement System in PTB: Animal Studies
Both human and animal models have demonstrated that increased levels of complement markers are associated with PTB. Gonzalez, Franzke, Yang, Romero, and Girardi (2011) found that the vaginal administration of lipopolysaccharide (LPS) in pregnant mice resulted in cervical C3b deposits, collagen degradation, increased MMP-9 activity, and PTB. Mice lacking a C5a receptor (C5aR-deficient) that were exposed to LPS did not show cervical remodeling or increased incidence of PTB, but the C5aR-positive wild-type mice did. These researchers also found that complement activation via C5a/ C5aR interactions promoted macrophage infiltration and MMP activation, thereby promoting cervical ripening and PTB. The mechanism of cervical ripening is different in term deliveries, in which it results from activities of cervical fibroblasts and epithelial cells (Gonzalez et al., 2011; Regal et al., 2015) . Similarly, in a later study, Gonzalez, Pedroni, and Girardi (2014) found that complement activation may play a role in myometrial contractility, as they found elevated levels of C5a in the myometrium of PTL mice administered vaginal LPS; these mice additionally exhibited increased expression of a contraction-associated protein, connexin 43.
In contrast, in a similar study investigating the rates of PTB and miscarriage among C5a receptor (C5aR1)-deficient knockout (KO) mice exposed to intraperitoneal LPS, researchers found that genetic KO of C5aR1 was associated with miscarriage and did not prevent the occurrence of PTB (Denny et al., 2015) . In that study, investigators administered LPS into the intraperitoneal space, which may more accurately mimic a systemic maternal infection than the methods in the Gonzalez study, which explored the effects of vaginally administered LPS. Although the results of these two studies differ in regard to the role of the C5a receptor, they both support the theory that microbes are key factors in the etiology of PTB. The differences in study findings suggest that localized infections may work more through complement-associated changes in cervical remodeling, whereas systemic exposure to LPS is likely more complex and not entirely complement dependent.
The Complement System in PTB: Human Studies
An elevated level of C3a in the first trimester of pregnancy may be an independent predictive factor for adverse pregnancy outcomes including PTB and PPROM (Lynch et al., 2011) . Specifically, Lynch et al. found that women in the upper quartile of C3a level were 3 times more likely to have an adverse outcome later in pregnancy after controlling for parity and prepregnancy Body mass index (BMI) compared to women in lower quartiles. In a more recent biomarker discovery study, Lynch, Wagner, Deterding, et al. (2016) also found that the complement factors B and H along with coagulation factors IX and IXab were the highest ranking proteins found in cases of PTB compared to term controls, suggesting that the leading pathways to PTB include the complement, immune, and clotting systems. Similarly, Lynch et al. (2008) found that women with Figure 1 . Microbiome and complement dysregulation pathway to preterm birth. The composition of the microbiome may influence the activation/dysregulation of complement pathways in the maternal vasculature and reproductive tissues. We hypothesize that complement dysregulation in the intrauterine environment enhances inflammation and the production of inflammatory mediators, which in turn promote direct changes to the cervix, collagen degradation, activation of the uterine decidua, and uterine contractility, thereby increasing the risk for preterm birth. elevated levels of the complement factor Bb in early pregnancy were nearly 4 times as likely to have PTB after controlling for known PTB-related risk factors than women whose levels were not elevated. Researchers have also identified elevated levels of complement factors C3a, C4a, C5a, and Bb in the amniotic fluid of women with PTL with microbial invasion of the amniotic cavity (Soto et al., 2009; Vaisbuch et al., 2009 ).
The Microbiome and Complement Activation: A Mechanistic Model for PTB
Intrauterine infection and inflammation have been identified as definitive risk factors in the etiology of PTB; however, interventions directly targeting the elimination of infection have not resulted in reducing the risk of PTB. We hypothesize that the risk may not be reduced because there may be additional pathogenic bacterial species present that stimulate inflammatory pathways, some of which may not be detectable with traditional culture-based methods, sensitive to standard therapies, or associated with overt clinical infection. The analysis of samples collected from various sites using 16S DNA sequencing could allow for the identification of a greater number of potentially virulent microbial species. Evaluation of the composition and metabolic potential of the human microbiome along with complement markers may provide a more comprehensive evaluation of the community of microorganisms present in various locations of the human body and may elucidate their relationship to the onset of inflammation and the increased risk for PTB.
In Figure 1 , we present a model of a hypothesized microbiome-complement activation pathway to PTB. We posit that pathogenic microbes from various locations (i.e., vaginal, oral, respiratory, gut, placental) influence the activation of complement pathways (i.e., C3a and Bb) in the maternal vasculature and reproductive tissues. Although complement proteins are found throughout the body without adverse effects, during infection the level of complement activation is increased to assist in the osponization (tagging) and elimination of pathogens via phagocytes (e.g., macrophages). We hypothesize that the composition of the microbiome primarily in the vagina, but elsewhere as well, influences the degree to which the complement system is activated. The resulting inflammatory response involves the production of various inflammatory mediators, which, if the response is dysregulated, may break down collagen, stimulate uterine contractions, facilitate cervical ripening, and promote decidual activation, thereby increasing the risk for PTB.
Although regulatory mechanisms are present to prevent uncontrolled complement activation, the system may become overwhelmed depending upon the number of factors present. Complement pathway dysregulation (defined as excess activation or poor regulation) not only promotes destruction of pathogens but may also cause injury to self-tissues (Girardi et al., 2006) , as evidenced by findings of deposits of complement activation products on the placenta, cervix, and decidual spiral arteries (Gonzalez et al., 2011) . If complement attaches to these reproductive tissues, then macrophages can likewise attach via their complement receptors and begin to degrade the tissue, which may be another pathway to PTB (Figure 1 ). We propose that women who have one or more triggers for complement activation, including foreign substances, damaged tissue, and/ or infection, may be prone to complement dysregulation, leading to overwhelmed regulatory systems and increasing the risk for perinatal complications via direct injury from the effects of complement dysregulation in the reproductive tissues or via effects of the resulting inflammatory response, as previously described.
We propose that the dysregulation of maternal complement activation at any point across gestation (implantation to 37 weeks' gestation) may increase the risk of PTB, as shown in Figure 2 . During early pregnancy, there is normal physiologic activation of complement to prevent infection at the maternalfetal interface and to promote the clearance of tissue debris resulting from implantation and placental development. This last task, clearing of tissue debris, is essential for successful trophoblast invasion. Coupled with early pregnancy infection and/or shifts in the microbiome composition, however, there may be excess activation of complement. Dysregulation of complement during placental development or early pregnancy may promote an altered inflammatory profile more favorable for the development of inflammation-related adverse pregancy outcomes such as PTB. This hypothesis is supported by studies that have shown that elevated levels of first-trimester complement factors C3a and Bb are associated with PTB and PPROM (Lynch et al., 2008 (Lynch et al., , 2011 . Similarly, we propose that dysregulation of maternal complement could also occur later during gestation as a result of similar factors including infection, shifts in the microbiome composition, or normal physiologic activation.
Conclusions
The relationships between infection and PTB and PPROM suggest a major role for both the microbiome and complement dysregulation in the biological pathway to PTB. The presence of pathogenic microbes in low abundance in the absence of clinical symptoms may promote the activation of complement and increase the risk for PTB (Ravel et al., 2011) . We have presented a hypothesis, therefore, that the infection-associated pathway to PTB does not involve only the presence and activities of pathogenic microbiota; rather, it is more complex and may involve the combination of pathogenic microbes present, the ratio of pathogens to one another, the number of "protective" species present in the environment, and the individual woman's inflammatory-and complement-response to these factors.
In summary, intrauterine infection and the activation of proinflammatory processes in the intrauterine environment are definitive risk factors for PTB. In addition, the immunological response to infection may be influenced by immunogenetic factors, such as gene polymorphisms or gene-environment interactions (Moura et al., 2009 ), which may make some exposed women more susceptible to inflammation-associated PTB. Failure to identify the most susceptible women may help to explain why the treatment of infection has not resulted in decreased PTB risk. Also, some women may be infected with previously unidentifiable microbes. Newer cultureindependent PCR methods have allowed for the identification of an even greater number of microbes not typically found with culture-dependent methods via identification of the 16S rRNA gene, thereby allowing for a more detailed DNA-based evaluation of the microbiota present (Aagaard et al., 2012; Eckburg et al., 2005; Lane et al., 1985) . Using these newer methods to explore routes associated with intrauterine infection, such as the vaginal, oral, gut, or even skin microbiome, in conjunction with measures of complement activation may elucidate a potentially modifiable biobehavioral pathway of inflammation-associated PTB.
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